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ABSTRACT

Tests were performed in order to determine the effects of forcing
submerged jets of water into the base of a hydraulic jump.

The specific

energy of the water leaving the hydraulic jump, the length and the wave
formation properties of the jump which had been modified by the intro
duction of submerged jets were determined and compared with the same
characteristics of a normal hydraulic jump and a hydraulic jump which
had been modified by the use of baffle piers.
Test results indicate:

(a) the quantity of water flowing through

the submerged jets is a primary factor in determining the specific
energy of the water leaving the hydraulic jump and these jets can be as
effective as baffle piers in reducing the specific energy of the water
leaving the hydraulic jump; (b) submerged jets can be more effective
than baffle piers in reducing the length of the hydraulic jump; (c) sub
merged jets are not as effective as baffle piers in reducing the wave
formation properties of a jump.
All tests were conducted in the Hydraulic Laboratory of the Civil
Engineering Department of the University of Missouri at Rolla.
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LIST OF SYMBOLS

The symbols are defined where they first occur in the text and are
listed here in alphabetical order for convenience.
D0

Diameter of jets in feet

D1

Depth of water entering the stilling basin in feet

D2

Tailwater depth of the hydraulic jump in feet

E

Specific energy of water entering the stilling basin in
2
E

feet

Specific energy of water leaving the hydraulic jump in feet

F

Froude number of water entering the stilling basin

g

Acceleration of gravity in feet per second per second

H

Head on the spillway in feet

K

Distance from the entrance of the stilling basin to the centerline of the submerged jets in feet

Lj

Length of the hydraulic jump in feet

Q0

Flowrate through the submerged jets in cubic feet persecond

Q

Flowrate over the spillway
1
V
in cubic feet per second
Velocity of water entering the stilling basin in feet per
second

V2

λ

Velocity of water leaving the stilling basin in feet per
second
Wave height in feet
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I.

INTRODUCTION

Stilling basins are an important part of practically all hydraulic
structures.

Their primary purpose is to reduce or eliminate erosion

damage at the exit of the structure.

In order to accomplish this pur

pose, the stilling basin must transform the flow from a supercritical to
a subcritical state, dissipate as much of the kinetic energy of the
fluid as possible, and break up high velocity concentrated streams that
may occur in the discharge.

The hydraulic jump basin is the most common

type of stilling basin in use today because of its simplicity and
reliability.
"The hydraulic jump can be separated into two portions, the prin
cipal stream and the roller.

Translatory movement of the water particles

is confined chiefly to the principal stream, while in the roller, the
movement is essentially rotational.

...The total energy loss in the

jump is divided between the top roll and principal stream.

It seems

probable that the principal stream imparts part of its energy to the
top roll and this is ultimately converted into heat by internal friction
1
and turbulence of the roll."

It can be assumed that any external in

fluence having a tendency to increase the violence of this top roller
will have the effect of increasing the energy dissipation of the jump.
Accurate predictions of the tailwater depth of an ordinary hy
draulic jump can be made by use of the impulse-momentum principle.

This

principle indicates that a possible way to reduce the required tailwater depth is to impose an external upstream force on the water within
the jump.

A common way of accomplishing this is to place baffle piers

within the jump.

2

A series of submerged jets of water forced into the bottom of the
jump should increase the violence of the top roller and provide bene
ficial momentum exchange, provided proper positioning and inclination of
the jets is achieved.

The headwater would provide an excellent source

of supply with enough specific energy to produce these jets at the
bottom of the hydraulic jump and the jets would have several advantages
over ordinary baffle piers. They would be unaffected by floating debris
such as logs and ice, they would be self-cleaning and they could un
doubtedly be designed so that cavitation would not limit their use as it
does the use of normal baffle piers.
The purpose of this investigation was to determine the effects of
forcing submerged jets of water into the base of a hydraulic jump.

The

effects on the tailwater depth, wave formation properties and the length
of the hydraulic jump were studied.
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II . REVIEW OF LITERATURE

Since the turn of the century a large amount of experimental and
theoretical work has been performed in connection with the hydraulic
jump.

The context of all this work may be broken into two phases.

The

first phase deals with the investigation of the properties of the hy
draulic jump as it occurs in its natural state, and the second phase
deals with methods of controlling or altering the form and dimensions
of the jump.
Fundamental relationships of fluid flow are applied in the first
phase to determine the mathematical relationships that must exist be
tween the elements of the hydraulic jump.
verified in the laboratory.

These relationships are then

It is generally accepted that the relation

ship between the vertical elements of the hydraulic jump can be pre
dicted accurately by use of the impulse-momentum principle.

The

impulse-momentum principle and its relationship to the hydraulic jump
is discussed in most texts on hydraulics.
Because the relationship between horizontal elements of the hy
draulic jump is not as easily determined as the relationship between the
vertical elements, some discussion of this subject will be given.

One

of the first comprehensive studies of the horizontal elements of the
jump was performed by Boris A. Bakhmeteff and Arthur E. Matzke
the years of 1932-33.

2

during

This study made three significant contributions

to the knowledge of the ordinary hydraulic jump.

First, it established

the Froude number as the significant coefficient of dynamic similarity.
Second, it contained accurate profiles of the hydraulic jump for many
values of the entering Froude number.

Third, it contained good measure

ments of the length, as well as a definition of the end point, of the
jump.

4
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Peterka

has also done considerable research on the horizontal

elements of the hydraulic jump.

He classified the hydraulic jump into

four distinct forms as determined by the entering Froude number and
states that the most desirable jumps have entering Froude numbers of
4.5 to 9.

He measured the length of many hydraulic jumps and compared

his results with those of Bakhmeteff and Matzke and others.

Peterka

points out that there have been many different definitions of the end of
the jump and that this makes the comparison of results difficult.

He

also shows that the lengths determined by Bakhmeteff and Matzke are
short because a six inch flume is not wide enough to eliminate frictional
effects.
The second phase of the experimental and theoretical work performed
in connection with the hydraulic jump deals with investigations of
appurtenances that may alter or control the jump when placed in a
stilling basin.

These appurtenances may be required to serve many

functions, including shortening the length of the jump, stabilizing the
position of the jump, improving the characteristics of the downstream
flow pattern and reducing the required tailwater depth.

Appurtenances

can be classified as three types; chute blocks, baffle piers and end
sills.
Chute blocks may be placed at the entrance of a stilling basin to:
(a) increase the effective depth of the entering flow, (b) break up the
flow into a number of small streams, (c) help create turbulence, (d) lift
a portion of the flow from the floor of the stilling basin and (e) re
duce the required length of the stilling basin.

Considering all these

functions, chute block design is relatively simple.

It is generally

agreed that the optimum height should be equal to the depth of the
entering flow, regardless of the size of the stilling basin.

Some

5
slight difference of opinion exists regarding the optimum width.
Peterka

3

Blaisdell
height.

suggests that the width be made equal to the height, while

4

suggests that the width be made equal to 75 per cent of the

The actual width is not a very critical factor as long as it is

within the range suggested above.

There is general agreement that the

center to center spacing should be equal to twice the width of the
blocks .
Baffle piers may be installed on the floor of the stilling basin to
stabilize the position of the hydraulic jump, create turbulence and
shorten the length of the jump.

They are the most effective appurte

nances in shortening the length of the jump.

Investigators seem to

agree that the height of the baffle piers should be approximately 2.5
times the depth of water entering the stilling basin, except for very
low discharge basins.

Blaisdell

4

found the most effective height to be

equal to the entering depth for low discharge basins.

All investigators

agree that the aggregate width of the baffle piers should be approxi
mately 50 per cent of the width of the stilling basin, that the width
of each pier should be 0.75 times its height and that the piers should
be placed at a distance from the chute blocks equal to 0.8 to 0.9 times
3
the tailwater depth.

Peterka

finds that the upstream face of the piers

should be vertical and in the same plane, that any rounding of the
corners reduces the effectiveness of the piers, and that a second row
of baffles is of little value.

The stilling basins at Bonneville and

Pit River Dams have been built violating these last three criteria of
design.

Although baffle piers are known to reduce the depth required

for a hydraulic jump to form by about 10 per cent, the stilling basin
floor elevation is normally computed assuming this reduction is in
effective.

The main disadvantage of these piers is their susceptibility

6
to cavitation damage when the water entering the stilling basin has a
high velocity.

They must also be designed to withstand the impact of

floating logs, ice and debris.
The third appurtenance for controlling the hydraulic jump is the
end sill.

nAn end sill is a vertical, stepped, sloped or dentated wall

constructed at the downstream end of the stilling basin.

...The purpose

of the (low) end sill is to lift the flow off the riverbed and create a
back current, which causes bed material to be transported and heaped up
against the back face of the sill.fr^
little effect on the hydraulic jump.

If low sills are used, they have

3

Peterka

3

indicates that an ordinary

solid vertical sill with a height equal to about one or two times the
depth of the water entering the basin (depending on the entering Froude
number) is sufficient to perform the duties of a low sill.

A good dis

cussion of the various types of low end sills that have been used may
be found in the work of Elevatorski
Many times the stilling basin floor cannot be placed at an elevation
where a hydraulic jump would occur under the influence of natural tailwater conditions.

In this case, the jump may be made to occur within

the stilling basin by proper use of high end sills.
It is important to note that sills are the principle structural
element of roller type stilling basins.

In a roller type stilling

basin a solid end sill creates a stilling pool where the energy is dis
sipated and no hydraulic jump is formed.

While passing through the

stilling pool, the entering sheet of water causes large reverse rollers
to form and these rollers dissipate much of the energy of the jet.
Energy is also dissipated by the standing wave that forms as the dis
charge hurdles the end sill.

The end sill has been replaced by a

rising column of water in the Pfeiffer Stilling Basin.^
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Since virtually all research done in connection with the hydraulic
jump has been done with the aid of models, a justification of model
utilization is in order.

Little work has been done in comparing the

hydraulic performance of models with the performance of their proto
types . "The reason why little progress has been made in comparing the
hydraulic performance of a model with its prototype may be explained by
the lack of interest, particularly after the prototype is in satis
factory operation; a natural reliance on model theory; and the difficulties of making prototype measurements ."

g

The American Society of

Civil Engineers symposium held in 1944 did much to clarify the degree
of conformity that can be expected between model and prototype per
formance.

Some of the more encouraging conclusions were given by G 0 H.

9
Hickox , who by the use of a 1:72 model, predicted the spillway
coefficients of Norris Dam with an average discrepancy of 3.9 per cent,
and by Fred W„ Blaisdell,^ who worked with the discharge through
Parshall flumes and who states:

"The agreement between full-model and

half-model tests and the equation of the average curve, with few ex
ceptions, is better than Hh 1 per cent for heads greater than 0.05
feet."

In most cases a properly conducted model spillway analysis can

predict prototype performance as accurately as the prototype functions
can be measured.
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III.

TEST APPARATUS

Water was supplied by a one thousand gallons per minute, eightyfive foot head, centrifugal pump, powered by a forty horsepower motor.
The flow rate was controlled by a five inch gate valve in the supply
line.

A stilling basin with an associated baffle system (Figure 1) re

duced the turbulence of the water entering the test flume.
Tests were conducted in a flume twelve inches wide, twelve feet
long and thirty inches deep (Figure 2).

The first eight feet of the

sides of the flume were constructed of one-quarter inch plexiglass;
marine plywood was used for the last four feet of the sides and the
bottom.

An ogee spillway, twenty-four inches high and constructed of

plaster of Paris, was placed with its crest twenty-six inches from the
entrance of the flume.

A thick coat of wax was applied to the spillway

to make its surface smooth, uniform and waterproof.

The dimensions of

the spillway were made to correspond to those suggested by the Bureau of
Reclamation,^ assuming a design head of four inches.
radius was given to the toe of the spillway.

A twelve inch

12

The submerged jets induced at the bottom of the hydraulic jump were
supplied by four copper tubes connected to a two and one half inch cast
iron feeder pipe.

The inlet of the feeder pipe was in the floor of the

flume twenty-two inches upstream from the crest of the spillway.

The

manifold connecting the feeder pipe with the four copper tubes was con
structed of twenty-eight gauge sheet metal and fiberglass (Figure 3) .
Baffle piers for the stilling basin were constructed of white pine and
were given several coats of varnish for waterproofing purposes.

- J ’S
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STILLING BASIN SHOWING BAFFLES
Figure 1

10

TEST FLUME
Figure 2

11

MANIFOLD
Figure 3

12
The tailwater depth in the stilling basin was controlled by a
sluice gate installed at the downstream end of the flume.

A by-pass

scoop enabled the discharge to be directed either into a weighing tank
or to the sump.
All metering equipment will be described in the discussion of
procedure.
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IVo

TEST PROCEDURE

Before actual investigation of the hydraulic jump began, a number
of preliminary relationships had to be established.

First, a relation

ship between the head on the spillway and the resulting flowrate over
the spillway was established, using the crest depth as a measure of the
head.

Fifty-five tests were performed in which the crest depth was

measured by the use of a point gage (Figure 4) and the resulting flowrate
was determined by weighing the quantity of water collected during a
measured length of time.

The point gage was accurate to within

+ 0.0005 foot, which is 0.5 per cent of the smallest head measured,
and the calculated flowrate was accurate to within 1.5 per cent.

It

was found that the flowrate could be predicted for this spillway by the
use of the equation:
Q = 6.453 H

1 535

......................

(1)

where Q is the flowrate over the spillway in cubic feet per second and
H is the head on the spillway in feet (Figure 5).

The maximum deviation

of the measured flowrate from this relationship was 3.5 per cent and the
average deviation was 0.05 per cent.
The second relationship required was one relating the head on the
spillway (H) and depth of water entering the stilling basin (D^).

Since

was small and varied, both with time and from point to point, it was
felt that the average value of D^ could be more accurately computed
from the entering specific energy (E) than by direct measurements.
Thirty-seven tests were run in which the head (H) on the spillway and
the specific energy (E) of the water entering the stilling basin were
measured.

The head on the spillway was measured as before with a point

gage (Figure 4).

The specific energy of the water entering the stilling
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POINT GAGE
Figure 4
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basin was measured by placing four pitot tubes at different locations
in the entering stream of water.

These pitot tubes were spaced evenly

across the width of the stilling basin floor and each connected to a
manometer.

Because the specific energy of the entering stream of water

was not precisely constant, the four manometers were each read four
times and the sixteen readings averaged.

It was found that the specific

energy (E) of the entering stream could be determined by the equation:
E - 254.7 H3 - 147.78 H2 + 31.754 H -0.9304 .......... (2)
where H is the head on the spillway (0.08 < H < 0.24).

The maximum devia

tion of any measured value from this curve was 2.1 per cent and the
average deviation was 0.0005 per cent (Figure 6).

Once the specific

energy of the water entering the stilling basin was known, the depth of
the water entering the stilling basin was computed by use of the
relationship:
E

£

27T

2g b D

(3)

+ D1

where the width of the flume (b) in this study is one foot, E is the
specific energy of the water entering the stilling basin in feet, g is
the acceleration of gravity in feet per second per second,

is the

depth of the entering stream of water in feet and Q is the flowrate over
the spillway in cubic feet per second.
Two series of tests were run in order to establish a standard from
which the effect of inducing submerged jets into the hydraulic jump
could be measured.

No appurtenances were used in the first series of

tests performed on the hydraulic jump.

The second series was performed

on a hydraulic jump identical with the first, except that baffle piers were
placed on the floor of the stilling basin.

The baffle piers were made

SPECIFIC ENERGY (E) in feet

17

HEAD (H) in feet
ENTERING SPECIFIC ENERGY
VERSUS
HEAD

Figure 6

18
two inches high and were placed six inches from the entrance of the
stilling basin.

Their shape was the same as that suggested on page 296

of "Design of Small Dams"

11

, and as shown in Figure 7.

The third and

fourth series determined the effect of forcing submerged jets of water
into the base of the hydraulic jump.
inch and 3/4 inch diameter jets.

Tests were conducted using 5/8

The jets were to function in part as

ordinary baffle piers and in part as an aid in the formation of the top
roller, therefore their transverse spacing was made the same as that
for ordinary baffle piers.

They were placed deeper in the hydraulic

jump, being ten inches from the entrance of the stilling basin, and were
formed by water issuing from four copper tubes imbedded in the floor of
the stilling basin.

The tubes were inclined upstream with an angle of

sixty degrees with the horizontal and the ends were sanded flush with
the floor of the stilling basin.
The flowrate through each set of tubes was determined by calibrating
the head loss in 2.88 feet of the two and one half inch cast iron feeder
pipe.

The head loss in the pipe was measured by the use of an inclined

kerosene-over-water manometer (Figure 3).

During all tests the flow-

rate through the tubes was determined by use of the manometer and the
calibration curve.
Three characteristics of each of the hydraulic jumps were deter
mined by a procedure which was essentially the same in all tests. To
begin each test, the flowrate over the spillway was adjusted to the de
sired value by use of a five inch gate valve in the supply line.

Then

the tailwater depth was adjusted until the beginning of the hydraulic
jump occurred at the entrance of the stilling basin.

The entrance of

the stilling basin coincided with the toe of the spillway, and the be
ginning of the hydraulic jump was defined as the beginning of the surface

19

STILLING BASIN WITH BAFFLE PIERS

Figure 7

20
turbulence.

A sluice gate (Figure 8) attached to the downstream end of

the flume was used to control the tailwater depth.

After the position

of the hydraulic jump had been stabilized, a period of ninety to one
hundred and twenty minutes was allowed to pass before actual measure
ments began.
Testing began by measuring the head on the spillway.

To arrive at

this value, the point gage was read at the beginning and end of the test
If the two readings were in close agreement, they were averaged, but if
they differed materially, the test was repeated.
Following the measurement of the head on the spillway, the tailwater depth was measured by the use of two peizometers mounted in the
floor of the flume forty-nine inches from the stilling basin entrance.
Both piezometers were read at the beginning and end of the test and all
four values averaged.
The third step was to determine the maximum water surface fluctua
tion caused downstream from the hydraulic jump.

A staff gage (Figure 9)

mounted outside the flume was used to determine the maximum and minimum
water surface elevations that occurred during any twenty second interval
The difference of these two elevations (

'X

the wave formation properties of the jump.

) was considered a measure of
This procedure was also re

peated at the end of the test and the initial and final readings
averaged.
The end of the hydraulic jump must be defined before its length can
be determined.

Since there is no universally accepted definition of the

end of the hydraulic jump, the author chooses to define the end of the
jump as being identical with the end of the top roller.

A light object

placed on the surface of the water at the end of the roller will have a
fifty per cent chance of moving upstream.

In order to determine the

21

SLUICE GATE
Figure 8

22

STAFF GAGE
Figure 9
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location of the end of the roller, a movable guide (Figure 10) was
situated on top of the flume in such a way that light objects could be
dropped on the water surface at predetermined locations. One hundred
small pieces of cork were dropped through the guide and the number of
pieces that moved upstream were counted.

The procedure was repeated at

one inch intervals of distance from a point where the surface velocity
had an upstream component ninety per cent of the time to a point where
the surface velocity had an upstream component ten per cent of the time.
The location where the surface velocity had an upstream component fifty
per cent of the time was then determined from a graph of the number of
pieces of cork to go upstream versus the position of the guide.

A well

established jump was indicated when all plotted points fell on a smooth
curve.

The end of the top roller was determined to within + 0 . 1 inch

for well established jumps by using this procedure.
Summarizing, the data taken during each test was:

the head on the

spillway (H), the tailwater depth of the hydraulic jump (D2 ) , the wave
height ( /l ) formed by the jump, the length of the jump (Lj) and where
applicable, the flowrate delivered by the submerged jets (Qq ) • The
flowrate over the spillway was computed by use of equation (1) and the
head on the spillway.

The depth of the entering stream of water (D^)

was computed from the head on the spillway (H) and by the simultaneous
solution of equations (1), (2), and (3).

The Froude number of the

entering sheet of water was computed by the equation:

where F is the Froude number of the entering stream of water,
entering velocity in feet per second,

is the

is the depth of the entering

stream of water in feet, and g is the acceleration of gravity in feet per

24

MOVABLE GUIDE
Figure 10
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second per second.
shown in Table I.

Calculated values of F, H, D^, V^, E, and Q are
The curves of Figures 11-16 were plotted using

equations 1, 2 , 3 and 4, combined with the measured values of the head
(H), the tailwater depth (D2 ) , the length of the jump (Lj) and the wave
height ( /l ).

Within experimental error, all values obtained from

curves 11, 15, and 16 apply directly to prototype performance since all
values are presented in dimensionless form.
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TABLE I
COMPUTED VALUES OF F, Dr

Froude
Number

Head on
Spillway

Entering
Depth

Vv

Entering
Velocity

E, and Q

Entering
Specific
Energy
E(f t)

Flowrate
Over
Spillway
Q(cfs)

(F)

H(ft)

Dx(ft)

9.22

0.100

0.0235

8.02

1.02

0.188

9.18

0.106

0.0251

8.24

1.08

0.207

9.11

0.112

0.0267

8.44

1.13

0.226

9.01

0.119

0.0284

8.62

1.18

0.245

8.90

0.125

0.0302

8.78

1.23

0.265

8.78

0.131

0.0320

8.92

1.27

0.286

8.65

0.138

0.0339

9.04

1.30

0.307

8.51

0.144

0.0359

9.15

1.34

0.329

8.37

0.150

0.0379

9.25

1.37

0.351

8.23

0.156

0.0400

9.34

1.39

0.373

8.09

0.162

0.0421

9.42

1.42

0.397

7.95

0.169

0.0443

9.49

1.44

0.420

7.81

0.175

0.0465

9.56

1.47

0.444

7.68

0.181

0.0487

9.62

1.49

0.469

7.55

0.188

0.0510

9.68

1.51

0.494

7.43

0.194

0.0533

9.74

1.53

0.520

7.32

0.200

0.0557

9.80

1.55

0.546

7.21

0.206

0.0580

9.86

1.57

0.572

7.12

0.212

0.0604

9.92

1.59

0.599

7.03

0.219

0.0627

9.98

1.61

0.626

6.95

0.225

0.0650

10.05

1.63

0.654

V x(fps)
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V.

DISCUSSION OF RESULTS

In the analysis of a hydraulic jump that has no water added be
tween the beginning and the end of the jump, the tailwater depth is a
direct measure of the specific energy of the water leaving the hydraulic
jump.

In the analysis of a hydraulic jump occurring under the influence

of submerged jets, the tailwater depth is a function of both specific
energy of the water leaving the jump and the quantity of water added
to the flow by the jets. The ratio of the tailwater depth (D2 ) to the
depth of water entering the stilling basin (D^), therefore, cannot be
used as a direct measure of the performance of hydraulic jumps which
are modified by the use of submerged jets . Dimensional analysis indi
cates that the specific energy of the water leaving the jump is a
function of the Froude number.

Thus the specific energy of the water

leaving the jump for each test was computed and these values plotted
versus the Froude number as shown in Figure 12.

The specific energy of

the water leaving the jump is also a function of the ratio of the flowrate through the submerged jets (Q^) to the flowrate over the spillway
(Q). The value of Qq /Q is plotted versus the Froude number in Figure 13.
In order to simplify the discussion of test results, a descriptive
name will be given to each type of the four hydraulic jumps investi
gated.

The hydraulic jump occurring with no appurtenances will be re

ferred to as the normal jump, the hydraulic jump occurring under the in
fluence of baffle piers will be referred to as the baffled jump; the
hydraulic jump occurring under the influence of 5/8 inch submerged jets
will be referred to as the 5/8 inch jetted jump and the hydraulic jump
occurring under the influence of 3/4 inch submerged jets will be re
ferred to as the 3/4 inch jetted jump.
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Figure 12 illustrates that introduction of submerged jets into the
hydraulic jump actually increases the specific energy (E2 ) of the water
leaving the jump if the flowrate through the jets is small.

It was

found that the 5/8 inch jetted jump required a ratio Q q /Q of 0.180 to
reduce the specific energy (E2 ) of the water leaving the jump to a value
equal to that of the normal jump.

This ratio occurred when the jets

were at a location of 0.62 Lj from the beginning of the jump, where Lj.
is the length of the jump, and at a Froude number of 8.46.
jetted jump required a ratio Q q /Q of 0.16b to reduce E2
jump to a value equal to that of a normal jump.
when the jets were 0.40 L
Froude number of 7.64.

J

The 3/4 inch

of the jetted

This ratio occurred

from the beginning of the jump and at a

The 3/4 inch jetted jump reduced E2

to a value

equal to that of the normal jump at a ratio Qq /Q of 6.7 per cent less
than the same ratio for the 5/8 inch jetted jump.
The 5/8 inch jetted jump reduced the specific energy (E2 ) of the
water leaving the jump to 97 per cent of the value of E 2
jump at a ratio Q q /Q of 0.281.

for the normal

This ratio occurred when the jets were

0.95 L_ from the beginning of the jump and at a Froude number of 9.13.
\J
The 3/4 inch jetted jump reduced E2 to 97 per cent of the value of E2
for the normal jump at a ratio ^ q /Q of 0.260.
the jets were 0.91 L
number of 8.65.

This ratio occurred when

from the beginning of the jump and at a Froude

This reduction of E2 was accomplished by the 3/4 inch

jetted jump at a value of Q q /Q 7.5 per cent less than the ratio re
quired for the 5/8 inch jetted jump.

The 3/4 inch jetted jump reduced

the specific energy (E2 ) to a value equal to that of the baffled jump at
a ratio Q q /Q of 0.372.
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Applying the impulse-momentum principle to the jetted jump
occurring in a flume of unit width yields:

8D2 4- «
2

* y
D0

2 =

(5)

SD12 + £
- Qo Cos 60‘
2
D1
__ _ 2
7T D

0

where g is the acceleration of gravity in feet per second per second,

^2

is the tailwater depth in feet,

is the depth in feet of the water

entering the stilling basin, Q is the flowrate in cubic feet per second
over the spillway,
the jets and

is the flowrate in cubic feet per second through

is the diameter in feet of the jets.

Simultaneous

solution of equations 3 and 5 yields a theoretical value of the specific
energy of the water leaving the jetted jump.

The theoretical values of

the final specific energies for the 5/8 and 3/4 inch jetted jumps are
plotted versus corresponding values of Froude number in Figure 14.
The measured values of the final specific energy (E2 ) of the 5/8
inch jetted jump were on an average 6.4 per cent higher than their
respective theoretical values. The measured values of the final specific
energy (E2 ) of the 3/4 inch jetted jump were on an average 5.1 per cent
higher than their respective theoretical values.
Equation 5 indicates that the specific energy (E2 ) of the water
leaving the jump is a function of the Froude number (F), the diameter
of the jets (D^), and the ratio of the flowrate through the jets to the
flowrate over the spillway (Qq /Q) • The specific energy (E2 ) is also a
function of the relative location of the jets.

A measure of the relative

location of the jets is the ratio of K, the distance from the beginning
of the jump to the centerline of the jets, to Lj, the length of the
hydraulic jump.

The value of Qq /Q appears to be the most important of

the four variables which determine the final specific energy of the
hydraulic jump.

This statement can be verified by the following

SPECIFIC ENERGY (E0) in feet
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reasoning:

(a) both the 5/8 inch jetted jump and the 3/4 inch jetted

jump obtained values of

equal to the values of E£ for the normal jump

at approximately the same values of

Q

q

/Q ,

(b) each obtained value of

was three per cent less than the value of

for a normal jump at

approximately the same value of Q q /Q and (c) the value of Q q /Q for the
5/8 inch jetted jump was 6.7 per cent larger than the value of Q q /Q for
the 3/4 inch jetted jump where the value of
equal to

for the jetted jump was

for the normal jump and 7.5 per cent larger where the value

of E^ was 3 per cent less than the value of

E^

for the normal jump.

Forcing jets of water into the hydraulic jump will reduce the specific
energy of the water leaving the jump when the value Q q /Q is greater
than approximately 0.18, and this reduction will be of the same magni
tude as that achieved by placing baffle piers in the jump when the
value Q q /Q is greater than approximately 0.37.
Submerged jets of water in the hydraulic jump have a more pro
nounced effect in reducing the length of the hydraulic jump than in
lowering the specific energy of the water leaving the jump.

The re

duction in the length of the jump is a function of the Froude number
(F) of the entering stream, the relative amount of water flowing through
the submerged jets (Qa /Q) and the relative position of the jets (K/L ) .
Table II contains the values of F, Q q/Q and K/Lj for points where the
lengths of the 5/8 inch jetted jump and the 3/4 inch jetted jump were
90, 80, 70 and 60 per cent of the length of a normal hydraulic jump
occurring under the same initial condition.
From Table II it is found that in order to reduce the length of a
normal jump by ten per cent, a value Qq /Q of 0.140 is required for the
5/8 inch jetted jump and a value Qq /Q of 0.135 is required for the 3/4
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TABLE II
INTERPRETATION OF TEST RESULTS

Size of
jets

H
(feet)

Lj/^1
5/8
3/4
V
5/8
3/4

V
5/8
3/4

D1

LJ /D1
5/8
3/4

8.85
8.12

7.96
7.13

J

0.228
0.202

0.0309
0.0418

0.813
0.738

0.140
0.135

0.0441
0.0600

0.480
0.388

of Jetted Jump Equals 80% of LJ /D1 of Baffled Jump
0.1490
0.1875

8.39
7.56

0.171
0.170

0.0376
0.0510

0.615
0.485

of Jetted Jump Equals 70% of LJ /D1 of Baffled Jump
0.1340
0.1720

8.72
7.88

of Jetted Jump Equals 60%
*
0.1550

*
8.26

Minimum Point of
5/8
3/4

k /l t

(feet)

of Jetted Jump Equals 90% of LJ /D1 of Baffled Jump
0.1680
0.2115

LJ /D1
5/8
3/4

Qn
u /Q

Jetted Jump Equals Lj/Di of Baffled Jump
0.1275
0.1610

D1

F

0.1220
0.1380

8.96
8.48

0.209
0.182
of V D 1
*
0.217

0.0329
0.0454

0.745
0.600

of Baffled Jump
*
0.0396

*
0.770

0.0293
0.0365

0.870
0.862

0.0367
0.0459

0.620
0.585

0.0338
0.0421

0.715
0.690

0.0317
0.0390

0.773
0.785

0.0296
0.0366

0.862
0.855

,/D^ Curve
0.245
0.241

At Q q /Q Equal to. 0.180
5/8
3/4

0.1390
0.1730

8.46
7.85

0.180
0.180

At Q q /Q Equal tc» 0.200
5/8
3/4

0.1395
0.1625

8.66
8.09

0.200
0.200

At Q q /Q Equal to» 0.220
5/8
3/4

0.1300
0.1530

8.81
8.30

0.220
0.220

At Q q /Q Equal toi 0.240
5/8
3/4

0.1230
0.1380

8.94
8.47

0.240
0.240

*The 5/8 inch jetted jump never reduced the value of Lj/D^ to 60 per cent
of the value of L^/D^ of a baffled jump.
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inch jetted jump.

The 3/4 inch jetted jump is 3.6 per cent more

effective than the 5/8 inch jetted jump in reducing the length of the
jump by this amount.
In order to reduce the length of a normal jump by twenty per cent,
a value Q q /Q of 0.171 is required for the 5/8 inch jetted jump and a
value Q q /Q of 0.170 is required for the 3/4 inch jetted jump.

The 3/4

inch jetted jump is only 0.6 per cent more effective than the 5/8 inch
jetted jump in obtaining the twenty per cent reduction.
To reduce the length of a normal jump by thirty per cent a value
of

0.209 is required

for the5/8 inch

jetted jump and a value

Q q /Q of

0.182 is required

for the3/4 inch

jetted jump.

Q q /Q

Here the value

of Qq /Q for the 5/8 inch jetted jump is considerably larger than the
value of Q q /Q for the 3/4 inch jetted jump.

Good correlation is ob

tained between the per cent reduction in the length of the normal jump
and the value of Q /Q up to the point where K/L is approximately 0.6.
U
wl
Table II also includes values of F and K/L
values of Q q /Q*
of K/L

J

for corresponding

For a value Q q /Q of 0.20 it is found that the value

for the 5/8 inch jetted jump is 0.715, which is 3.5 per cent

larger than the value of K/L t for the 3/4 inch jetted jump.
kJ
Q /Q of

0.22 the value of

For a value

K/L t for the 5/8 inch jetted jump is 1.6

per cent larger than the valud of K/L^ for the 3/4 inch jetted jump,
and at a value Q /Q of 0.24 the value of K/L

for the 5/8 inch jetted

jump is 0.9 per cent larger than the value of K/Lj. for the 3/4 inch
jetted jump.

In all examples cited the values of K/L^ exceed 0.6 and

there appears to be a definite relationship between

Qq /Q and K/Lj.

The 5/8 inch jetted jump was as effective as a baffled jump in re
ducing the length of a normal jump for all values of Q^/Q greater than
0.228.

The 3/4 inch jetted jump was as effective as a baffled jump in

reducing the length of a normal jump for all values of Q q /Q greater than
0.202.

As the value of Q q /Q approaches zero, the length of the jetted

jump approaches the length of a normal jump as shown in Figure 15.
The value L^/D^ is a dimensionless number commonly used as a
measure of the length of the hydraulic jump.

The value of Lj/D^ for the

5/8 inch jetted jump has a minimum value at a Froude number of 8.96.
this point the value of K/Lj. is 0.87.

The value of Lj/D^ for the 3/4

inch jetted jump has a minimum value at a Froude number of 8.48.
this point the value of K/L

J

At

is 0.862.

At

For larger values of the Froude

number the value of Q q /Q increases rapidly while the value of K/Lj in
creases very slowly.

Submerged jets are not too effective in reducing

the length of the hydraulic jump to a value less than approximately 1.15
times the distance from the beginning of the jump to the centerline of
the submerged jets.
It should be noted here that the lengths of all jumps measured in
this series of tests must be increased approximately thirty per cent in
order to make a comparison with lengths determined by the use of larger
flumes. This compensation is necessary in order to correct for friction
effects caused by the sides of the flume.

The length of the normal hy

draulic jump measured in this series of tests compares favorably with

3
the values obtained by Peterka

when using a twelve inch flume.

Figure 16 shows that the 3/4 inch jets are more effective than the
5/8 inch jets in reducing the wave formation properties of a hydraulic
jump at small values of Froude number.

3
According to Peterka , normal

hydraulic jumps have a tendency to become very rough for Froude numbers
greater than 9.0.

This tendency occurs at a Froude number of approxi

mately 8.0 to 8.5 for the jetted jumps.

The curve representing

^/D1

(Figure 16) for the 5/8 inch jetted jump has a minimum value at a Froude
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number of 7.82.
K/Lj of 0.542.

This point corresponds to a value Q q /Q of 0.18 and
The curve representing

(Figure 16) for the 3/4

inch jetted jump has a minimum value at a Froude number of 7.11.

This

point corresponds to a value Q /Q of 0.13 and K/L t of 0.453.
Figure 16 illustrates that forcing submerged jets into the base of
a hydraulic jump does improve the wave formation properties in most
cases, but that this improvement is not as pronounced as the improve
ment obtained by the use of baffle piers .
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V I » CONCLUSIONS

The results of tests conducted in this study lead directly to a
number of conclusions:
1.

In comparison with a normal hydraulic jump, the introduction

of submerged jets into a hydraulic jump increases the specific energy
of the water leaving the jump for values of Q q /Q less than 0.18 and de
creases the specific energy for values of Q q /Q greater than 0.18.
2.

The specific energy of the water leaving the jump is a function

of the Froude number (F), the ratio of Q q /Q and the diameter of the
jets .
3.

The impulse-momentum principle, when applied to a hydraulic

jump which has been modified by the use of submerged jets, yields
values of the final specific energy which are approximately 5 to 6 per
cent lower than the measured values.
4.

The introduction of submerged jets into a hydraulic jump is as

effective as baffle piers in reducing the specific energy of the water
leaving the hydraulic jump at values of Qq /Q greater than 0.4.
5.

The introduction of submerged jets into a hydraulic jump

causes a pronounced shortening of the length of the hydraulic jump.
6.

In comparison with a normal hydraulic jump, the per cent re

duction in the length of a hydraulic jump is a function of Q q /Q if the
length of the jetted jump is greater than 1.7 times the distance from
the beginning of the jump to the centerline of the jets.
7.

If the length of a jetted jump is less than 1.7 times the

distance from the beginning of the jump to the centerline of the jets,

K/Lj is a function of Qq /Q«
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8.

Submerged jets in a hydraulic jump are as effective as baffle

piers in reducing the length of the hydraulic jump for values of Q q /Q
greater than approximately 0.23.
9.

The introduction of submerged jets into a hydraulic jump has a

slight tendency to reduce the wave formation properties of the jump.
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VI I . RECOMMENDATIONS

The author feels that the following are some aspects of this
study which need further investigation:
1.

Further tests should be conducted in which the value of

Q q /Q is accurately controlled and varied through wide limits, with
emphasis on larger values of Q q /Q.
2.

A series of tests should be conducted to determine the optimum

position and inclination of the submerged jets.
3.

A series of tests should be run in order to determine the

optimum spacing and size of submerged jets.
4.

A series of tests should be conducted to determine the

erosion characteristics of the water leaving a hydraulic jump which
has been modified by the use of submerged jets.
5.

The cavitation characteristics of the apron surrounding the

submerged jets should be investigated.
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